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IRES-Dependent Second Gene Expression Is 
Significantly Lower Than Cap-Dependent First 
Gene Expression in a Bicistronic Vector 

Hiroyuki Mizuguchi, 1 Zhili Xu, Akiko Ishii-Watabe, Eriko Uchida, 
and Takao Hayakawa 

BMfbn of Biolxtfml Chewivty .titf aMepM* KiUonal fiwAwif of HtaJth Scirrm. M/U Kumiyoga 
ftaolved ror publication December 1999. mri vicceoted In revised form iWireh 7. zqoo 

The internal ribosome entry site (JRES) has been widely used to coexpress heterologous gene products 
by a message from a single promoter. However, little is known about the efficiency of IRES-dependent 
second gene expression In comparison with that of first gene expression. This study was undertaken to 
characterize the relative expression of IRES-dependent second gene in a bicistronic vector, which was 
denved from the 5' untranslated regions of the encephafomyocardrtis virus (EMCV). IRES-dependent 
second gene expression was compared with cap*depenrJent first gene expression in several cultured 
cell lines and in mouse liver in mo. The expression of the IRES-dependent second gene ranged from 6 
to 100% (in most cases between 20 and 5Q%) that of the first gene. Second gene expression in a 
plasmid without the IRES was 0.1-0.8% (with some exceptions) that of the first gene. These findings 
have important implications for the use of IRES, i.e., care should be taken regarding the decreased 
capacity of IRES-dependent downstream gene expression as well as in determining which gene should 
be positioned as the first or second gene in a bicistronic vector, 

Key Words: IRES; EMCV; bicistronic vector; gene therapy. 



Introduction 

Internal rlbosomc entry site (IRES) sequences allow the 
initiation of translation in a cap-independent manner: 
rlbosomcs bind internally at the initiating AUG without 
scanning the 5' nontransialed region of the transcript (.1 ), 
The function of IRES was first shown in the 5' noncoding 
region of poliovinis RNA (2) and has been demonstrated 
In picornavirus [e.ncephalomyocarditis virus (EMCV)] 
RNAs and other viral messages (3-B). In addition, some 
cellular mRNAs have been shown to possess IRES function 
(7), IRES derived From the 5* no retranslated regions of the 
EMCV genome are the most widely used in gene therapy 
and gene transfer experiments (1). EMCV IRES have a 
higher translation efficiency than other [RES sequences. 
Including those from hepatitis A and C viruses, poxvi- 
rus, human rhinoviru.s. and foot-and-mouth disease virus 
(6). Furthermore, EMCV IRF5 are functional in a variety of 
cultured cell types, unlike those of poHovirus and rhino- 
virus (5). 

There are currently two methods to coexpress heterol- 
ogous gene producrs in a single vector, i.e.. using pithcr 



' To whom wrresporiflvnce should be addrvwwd. ?nx. +61-3-3700- 
9084. E-mail: mUugiKhPnil is. ro.J p. 



Independent promoters or IRES sequences (1), although 
heterologous gene products can be expressed by alterna- 
tive splicing or reinitiation of translation in a limited 
number of cases. Promoter interference sometimes occurs 
with the use of heterologous promoters. I.e.. transcription 
from one promoter suppresses transcription from another 
(8-10). The IRES method eliminates such problems, as 
more than two genes connected by IRES sequences can be 
efficiently expressed from a single promoter (3. 4. 1 1). 

EMCV IRES is currently in wide use, especially in plas- 
mid, retrovirus, and adeno* associated virus vectors (12- 
20). However, little is known about the efficiency of IRES- 
dependent second gene expression relative to first gene 
expression. In this study, we analyzed the respective effi- 
ciencies of expression of a cap-dependent Mrst gene and 
an IRES-dependent second gene In a bicistronic vector in 
which each gene could he translated with maximal effi- 
ciency. Three model genes, luciferasc. secreted alkaline 
phosphatase (SEAP). and chloramphenicol acetyl trans- 
ferase (CAT), were used to compare expression efficiency. 

Materials and Methods 

Plasmid, We usert ihc bldstronte ptomlda pMK&S^SSAPl, p>SEAP-lRF.S-LI 
pL-IRES-CATI. unci pGAT-IREfUj. which Contain thr. cvtommliivlfin 
enlwtteur/chtcken (J-acIln fCA) promoter (kindly provhlcd by t>r J 
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Mtyazokf, Osaka Unlirursity. Owkn. j^pan) (21): the reporter g*n C fluclf- 
era**?. SEAP. or CAT): (KES: and SV40 late polv(A) signal (Fl*. I), The IRES 
sequence xvai clwivcrj from pT? UH2S-U+) I*. iuelf a derivative: of pT7- 
IRKS-L f22), which ftOnUrvro a complete sequenir Identical to pTTGMCAT 
(23) fkirwJiy provide) bv Pr. B. Moss. Nnilon.il Institutes or H^lth. Bo- 
th«Kjrt. Ml». Thft Kicifcrase. SEAP. and CAT !^n« tver* derived from 
pGI,3-ControJ (Promcga. Macton. WI). pSE A P2- Control (Clontech Pain 
Alio. CA). and pT7CMCAT (2:*), respectively. The start (ATG) codon* or ail 
first arid second genes wen> adjusted to minor thosfi of B-actin and FA/JCV. 
rcspecrivcJy. The plasmids pl.-SEAP.inU pSEAP-l. do not contain IKES but 
rather have Kn«ik con.v.i imis seqiwnrns surround ing the start rodon or the 
second gene (PI*. I) (24. 251. The SEAP gen* nnd lucjfawc gene In 
pSEAP-lZ have a junction ttqimncc that is <dcTttical to ihc sequence 
between the lurafamsc gene and SEAP gene In pf^SEAP. 

Ccih. HtAxx (human upiihcloXI wrdnoma. corvis), L fLclID, inousc 
fibroblast), nnd CHO (Chinese handler ovary) rells were cultured with 
Oulbeccn's modified Eagles medium supplemented with 10% fbtol calf 
senjm (PCS). minimum essential medium [MEM) supplement with !f)% 
PCS, and MEM nlpha medium .tupptcmenrcd with 10% PCS. respectively, 

Gem trztmter Into tvltund .*//.*, CeJls fS >; I(H: He La. L, and CHO) were 
s^ded into a 24-wel! dish. On ihc foIlnwin B day, each vector was tr-.tn& 
Twtcd wJth SupcrFect (Qingcn) according lo the manufacturer* ir^iruc- 
lions. After 2 h the cells were washed and cultured with Tresh medium 
<jvery 2<t h. forty-eiflhr hours later. ltitffer»M and (>T activity in the cells, 
and SEAP activity in the medium were determined, All activities were 
corrected hy transPeclion of the conlit.il plRsmld pUClB. AIJ ininsfactton 
cxpc-rimi>r»i 5 were reposed at least three Uvnes with similar mulls. 

Cme transfer fnto mow* /nrr. In vim Iransfectlon of mouse liver was 
performed according to the method of Uu pt The mice (male 
Balh/c. 6 weeks old) were Injcrtcd via die rail vein with 10 \w of pi -IRFS- 
SFAJ^j . pSEAP 1RT* .LI . pHRRS-CATI . or pC AT-IRES-Ll in 2.0 ml offline 
for 5 s. Liver ;>nd Wood samples wore retovered 4$ h postlnjertion, and 
luctferase and CAT activity in the live, nnd SEAP activity In the *>.%im were 
determined.- All aetivilies were enrrceted by rrattftatW of the control 
plasmirj pUC 1 8. Crtne expressions in spleen, heart, and kidney were 0.008, 
n.024. nnd Q.02i)%, n^pecr My, it,*; measure*;! In liver. 

Repomr grin assay. Lur.ifcraje. SEAP. ;uid CAT aei.ivii.ies were measured 
using a lucifemsc assay sysivm fPlcaCcne LT2.0. Toyn mki Co. Ltd., Tokyo. 
Japan), a On.-?* UscAPe SF.APchem! luminescence dm eel 1cm kit (Ctftntertil. 
and a CAT tiUSA kit (Boehringor MaiiTihelm. Tokyo. Japani. ^pectively. 
Prolrtin content was myasurcd wil h Blo-Kad n^ay kit using bwine serum 
albumin as standard. 



Results 

Structures of the First and Second Gene Fragments 

To compare the IRES^cln pendent second gene expression 
with that of cap-dependent first, gene expression, we con- 
structed several vectors having optimal translation effi- 
ciencies for first and second gene expression, respectively 
(if the first and second genes have a nonoptimal transla- 
tion start codon. an accurate comparison cannot be 
done). The adjustment of the ATG start, codon of the gene 
of Interest (first gene) to mirror that of p-actin is believed 
to produce maximal translation efficiency In vectors con- 
taining the CA promoter. Kor example, we have previ- 
ously reported that deletion of the 5' untranslated region 
of luclferase and human tumor necrosis factor a increases 
(27 ^j™^ 0 " ° rrhese S cnj * 20% an « J 5- fold, respectively 

We used FMCV IRES derived from pT7EMCAT (pTMl) 
developed by Moss cr p/. (23. 29) for its convenience in 
cloning. 'Hlis IRES fragment has an engineered Ncol sire 



placed at the EMCV Initiation codon. but it has die same 
translation efficiency as that found in wild-type EMCV 
0.1). The relative levels of IRES-drivcn gene expression 
were higher when the coding sequence of the gene of 
interest was placed directly at the 3' end of EMCV IRES 
than when the gene and the IRES were separated by a 5' 
untranslated fragment of the gene (1 1). Therefore, all first 
and second gene coding sequences'of the plasmids in this 
study were placed immediately downstream of the start 
codons of (3-actin and EMCV. respectively. 

Second gene expression in a plasmjd without the IRES 
sequence (pL-SEAP. pSEAP-L) (Fig. 1) was also examined. 
In these plasmids. the start codon of the second gene was 
surrounded by a Kcuak consensus sequence (24. 25) to 
achieve the highest levels of gene expression, which come 
from either Lhe reinitiation of the ribosoma). complex for 
translation (30) or a spliced message (11. 3.1). 



Comparison of First and Second Gene Expression 
with IRES in Viuv and in Vivo 

Expression of the cap-dependent first gene was com- 
pared with rhat of the IRfcS-dependcnt. second gene in 
HeU. L, and CHO cells tramfected by pL-IRES-SEAPl or 
pSEAP-IRES-U (Fig. 2). Luciferase activity in all cell lines 
transfected by pSEAP-JRES-U was appiYjximately 3.5^7 
times lower than that In cells transfecced by pl-lRES- 
SEAP 1. Similarly. SEAP activity .In all cell lines transfected 
by pUR£S-SEAP] was approximately 3-6 times lower 
than that in cells transfecied by pSUAP-IRES-Ll, 

To determine whether the phenomenon illustrated in 
Fig. 2 can be generalized to or.her*gencs in this arrange- 
ment, first and second gene expressions were compared 
using another bicisfronic pJasmld with lucifei-ase and CAT 
genes (pL-IRES-CATl. pCAT-IRCS-Ll) (Fig. 3). Luciferase 
activity in HeLa or CHO cells uansfected by pCAT- 
IRE5-L1 was about 7 or 2 times lower than lhat in cells 
transfected by pURES-CATl, respectively (Figs. 3A-1 and 
3A-3). In L cells, however, pCAT-lRES-Ll expressed lucif- 
erase as efficiently as pt-IRES-CAT.l (Fig. 3A-2), In con- 
trast. CAT expression in ail cell lines transfected by pL- 
IRES-CAT1 was lower than That in celts transfected by 
pCAT-rRES-Ll (Fig. 3B). particularly in I, or CHO cells 
transfected (approximately 8 or 16 times lower, respec- 
tively). 

Next, to determine how cap-dependent translation 
compares with lRES^dependent translation in a clinicatlv 
relevant model, we used a hydrodynamics-based method 
Of expressing transgenes in the liver of mice by tail vein 
injection of plasmld DNA (26). In experiment 1 (Figs. 4A 
and 4B). luciferase and SEAP activities after injection of 
pL-lRES-SEAPl orpSEAlMRES-Ll were examined. Second 
gene expression was approximately 3-6 times lower than 
first gene expression In both cases. In experiment 2 (Figs. 
4C and 4D), we assayed luciferase and CAT activities after 
Injection of pL-IRES-CATJ or pCAT-URES-Ll. \n this exper- 
iment second gene expression was approximately 17 or 
17 times lower than first gene expression. Thus, the in 
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FIG. 1 . Plasmid structure. To obtoin maximal expression of both the ffrst and second qenes In the vector with IRES, the start codon of the first or second gone 
was adjusted to that Of 0-actin or respectively, In the IRES(-) vector, the second get* contains e Kozak consensus translation initiation site. 



vivo results correlated woll with 'chose obtained from the 
in vitro experiments, 

Taken together, these results suggest that JRES-depen- 
dent second gene expression is less efficient than cap- 
dependent first gene expression and that expression levels 
of the second gene can range from 6 to 100% (generally 
20-50%) those of the first gene. 

Comparison of First and Second Gene Expression 
without IRES 

To examine possible effects of IRES on second gene 
expression, we next measured second gene expression by 
the plasmid without IRES (Fig. l. Table 1). In these vec- 
tors, expression of the second gene can be expected to 
occur with ribosomc scanning,' which targets the start 
codon of the second gene rather than that of the first gene 
(30) and/or the spliced mRNA (H. 31). 

With respect to expression of the first gene, no remark- 
able differences were observed between plasmids with 
IRES and plasmids without IRES: i.e.. pl-JRES-SEAJM vs 
pL-SEAP or pSEAIMRES-L vs pSFAP-L (Fig. 2. Table 1). In 
contrast. ludferase activity in all coll lines transacted by 
pSEAP-L was over 100 times lower than that In ceils trans- 
fected by pL-SEAP. SEAP expression in L and CMO cells 
transfected by pL-SEAP was also over 100 times less than 
that in cells transfected by pSEAP-L. These results suggest 



that In the vector without IRES, expression of the second 
gene is much Jess efficient than that of the first gene or 
that of the IRES-dependcnt second gene. SEAP expression 
in HeLa cells, however, showed an exceptional pattern. 
HeLa cells transfected by pL-SEAP expressed more SEAP 
than did cells from the same line that were, transfected by 
pL-IRES^SEAPl (Fig. 2B-1, Table 1) and half as much SRAP 
as cells from the same line transfected by pSEAP-L. Jn this 
context, the second gene was expressed efficiently. 

It has recently been reported that a short (36 bp) syn- 
thetic intercistron can reinitiate translation and effi- 
ciently drive second gene expression (32). We speculated 
that a short junction sequence (TAA(stop)TTCTAGCCTC- 
GAGGAATFCGCCC AC CATG (start)] between the ludf- 
erase (first) and SEAP (second) genes In pL-SEAP could 
play such a role in HeLa cells, which would explain why 
high SEAP activity was observed in HeLa cells transfected 
by pL-SEAP. To investigate this possibility. pSEAP-L2. 
which has exactly the same Junction sequence as pL- 
SEAP. was constructed, and the expression of SEAP and 
luciferasc In HeLa cells transfected by pSEAP-L2 was ex- 
amined (Fig. 5). However, higher levels of luelFcxase (sec- 
ond gene) expression were not observed, suggesting that 
the junction sequence between the ludferase and SEAP 
genes In pL-SEAP did not enhance the reinitiation of 
translation. 
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Discussion 

Second Gene Exp/vssfon with IRES 

The aims of this study were to identify the relative 
capacities of EMCV IRES to mediate the expression of 
the downstream gene in the bicistronic vector in com- 
parison with the expression of the first gene, which is 
translated in a cap-dependent manner. To our knowl- 
edge, this is the firsi; report which examined the quan- 
titative efficiency of IRfcS-dependent second gene ex- 
pression, although IRES Is now widely used to express 
multiple proteins from a single transcriptional unit 
(12-20). Expression of the IRES-dependent second gene 
was less efficient than that of the first gene under both 
in vitro (HeLa. L. and CHO cells) and in vivo (mouse 
liver) conditions, with the expression Jevel varying 
from 6 to 100% (relative to first gene expression), de- 
pending on cell types and reporter genes (Table 2). 

In many gene transfer experiments, the cDNA. of the 
gene of interest is simpjy inserted after the promoter or 
JRES sequence. In such cases, the translation efficiency of 
the gene of interest is not optimized (27. 28). Therefore, 
the way in which the plasmld is constructed can modu- 
late the expression of the IRrS-depcndent second gene 
relative to that of the first gene. Both the capacity of IRES 
and the translation efficiency should be taken into con- 
sideration In relation to the relative expression of the first 



and second genes. If the same levels of expression are 
desired of the first and second genes, decreased efficiency 
of the translation of the first gene by non-Kozak sequence 
or a change in the ATG start codon (33) would be possible 
strategies. For example, the same level of expression of the 
first and second genes is required for interlcuk?n-12 (1L- 
12) (34). The expression vector used for 11-12 employs 
IRES to express both p35 and p40. However, excess ex- 
pression of p40 can form a homodimcr. which then pre- 
vents die efficient expression oFIL-12. JRES is also widely 
used to express a drug-selective gene (e.g., antibiotics Such 
as neomycin) in the vector, the structure of which is 
tpromoterj-lgene A|- [IRES] -[selective genej (15). Our re- 
sults suggest that, in this type of vector, a lower concen- 
(ration of drug should be used than that used with a 
vector in which the drug-selective gene is translated in a 
cap-dependent manner. In previous research studies, a 
cytokine gene and a suicide gene have been expressed 
from a single vector using IRES to provide effective cancer 
gene therapy (14, 17. 19. 20). In some studies, the cyto- 
kine gene and suicide gene are positioned as the first gene 
and second gene, respectively (17. 19, 20). However, in 
another study, the suicide genr is positioned as the first 
gene and the cytokine gene Is positioned as the second 
gene (14), Other information from our study suggests that 
in these types of cases, the gene, with higher anticipated 
expression should be positioned as the first gone. 
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TABLE 1 






Comparison of Luciferase and SEAP Expression In Cells Transfer with pL-SEAP or pSEAP-L 


Ceil 


Ptasmid 


Lixiferase activity 
(xiO" T3 g/^g cell protein) 


SEAP activity 
fxlO-* g/ M g cell protein) 


HeLa 
L 

CHO 


pL-SEAP 
pSEAP-L 
pL-SEAP 
pSEAP-l. 
pt-SEAP 
pSEAP-L 


138.$- 23.6 
1.1 ±0.3 

2270 ±156 
5.8 ± 0.5 

231.3 i 13.4 
0,3 


12.37 ±0.-46 
25.48 -± 0.80 
1.22 rO.04 
50.66 ± 3.39 
0.17 ±0.01 
5.04 ± 0.36 



in h£ JZf ° ( H waS 5f 5fGCted int0 HeL * »- or CHO tars. After 48 h in culture, luciferasc activity in the cells ancrSEAP activity 
■n the medium were determined. Ail data represent means s SD of three experiments. 



Second Gene Expression without IRES 

The relative efficiency of expression of the second gene 
in the vector without IRES was less than .1% that of ex- 
pression of the first gene, and the presence of IRES in- 
creased second gene expression by more than 10- to 100- 
fold (Fig. 2, Tables I and 2). The start codon of the second 
gene in this study had a Kozak consensus sequence (24), If 
the sequence around the start codon had been lew effi- 
cient for translation, the expression may have decreased 
more, This information could be useful in cases in which 
only minimal expression of a foreign gene is desirable. 

Unexpectedly. SEAP (second gene) activity In HeLa cells 




W 200 

Lucrferase activity 
(*1<r 13 g/M9cell protein) 



B 




pL-SEAP 



pSEAP-L 



PSEAP-L2 



1° 20 M 

SEAP activity 
fo10**g/|jg cell protein) 

HQ. s. Comparison of luciferasc and SEAP expression in HsUj cells trans- 
looted with pL-SEAP. pSEAP-L or p$EAP-L2. P L-SEAP. pSEAP-L or p S EAP.L2 
was transected into Heta cells. After 48 h in culture, luciferasc (A) and SEAP (B) 
activities m the Caffs wen? determine, All data represent means i SD of three 
experiments. 

MorjxuL^R Therapy Vnt. i, n 0 . a, Apr.i 20 DO ~ ~~ "~ 

Copyrigm o The Amrjriwn Scdrty of GCM>: Therapy 



transfectcd by pUSEAP was higher than the IRES depen- 
dent SEAP activity in HeLa cells transferred by pL-IRUS- 
SEAPI (Fig, 2, Table 1): We speculated that a short junc- 
tion sequence between the luciferasc (first) and SEAP 
(second) genes in pL-SEAP might reinitiate translation of 
SEAP, similar to the observations described by Havenga of 
a/. (32). However, a junction sequence in our system did 
not have the ability to enhance the reinitiation of trans- 
Jatfon (Fig. 5), Another possibility is that the spliced 
mRNA caused the efficient second gene (SEAP) expression 
seen in HeLa cells, although this is unlikely because first 
gene (luciferase) expression in HeLa cells was similar be- 
tween pl-IRES-SEAPl and pL-SFAP (Fig. 2. Table 1). There- 
fore, depending on the gene and cell combination used, it 
is likely that reinitiation of second gene translation (24) 
could be efficient, although this might be rare. The precise 
mechanism leading to the observed higher second gene 
expression In HeLa cells is unknown. 

In summary, we have demonstrated that in a bicistronlc 
construct with IRES, the capacity of iRES-dependent sec- 
ond gene expression is usually significantly lower than 
that of cap-dependent first gene expression. This informa- 
tion muse be taken into account for the use of IRES in 
gene transfer and gone therapy experiments. 



TABLE 2 



Gene 


Activity (%) 


1st gene 


700 


IRES(i -)-2nd gene 


$, 4-100 


IRE$H-2nd gene 


o.i -o.e* 



Note. The relative efficiency of second gene expression is ex- 
pressed as percentage of first gene expression. In the IRES(+)-$econd 
gene, second gene expression was compared with the first gene 
expression by the vector with IRES. In the fRE5(-)-second gene, 
second gene expression was compared with the first gene expression 
by the vector without IRES. 

" Exceptionally, in HeLa cells, second gene (SEAP) expression by 
pL-SEAP showed 48% of first gene (S€AP) expression hy pSEAP-L 
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